The formation of stable penetration beads in joining of the thick materials is important in order to achieve high quality welded metal joints. Since plasma welding employs the high welding current density, it is suitable in joining of the thick materials. The relationship between the voltage and the keyhole is unclear. It is important to keep the standoff in a high quality of the plasma welding. But it is difficult to estimate the standoff by using the voltage and the welding current. The authors tried to observe the weld pool on top side of the base metal, directly. For this purpose, the authors tried to apply a CCD camera with an external trigger. Moreover, the keyhole depends on the standoff of the plasma torch. When the base metal was inclined due to the setting in the robotic welding, a good quality of welding cannot be obtained. In the teaching of the robot, it took much time to adjust the standoff, since the electrode of the plasma torch was hidden into the plasma tip. In order to save the teaching time, the authors tried to control standoff of torch by processing the weld pool images taken with the CCD camera during the welding.
Introduction
Recently, it is required to reduce the production cost in the joining of materials in a thick materials. The automation and the high efficiency arc welding have attracted the attention of many researchers 1) , since the skill workers are reduced year by year.
Laser welding and the plasma welding were applied to make the deeper penetration. The authors tried to apply the plasma welding to the joining of the materials. Since its arc become narrower, the current density of the plasma arc becomes high 2) . It is easy to make the keyhole for full penetrations 3) . The capability of its arc welding process for the full penetration is better than other gas metal arc welding. Moreover, the plasma welding is contributed to improvement of the environment in the work filed, since the weld fume becomes little during the welding.
In the plasma welding, there are many welding parameters such as the travelling speed, the pilot gas and the welding current and so on. But the effect of the welding parameters to the penetration is unclear. The quality of the welding depends on the stabilization of the keyhole. It is important to get the state of the keyhole during the welding. In conventional welding, the constant welding current machine was applied to the plasma welding. The welding voltage depends on the arc length under the no keyhole. On the other hand, if the keyhole occurs, the welding voltage is no relation to the state of the keyhole. If the burn through takes places, the variation of the welding voltage is little.
It is difficult to detect the state of keyhole and weld pool by measuring the welding current and the welding voltage when the keyhole was produced. The control of the keyhole was proposed by measuring the voltage between the electrode and the plate, which is set below the base metal 4) . In the control, disappear and production of the keyhole were repeated. In this method, the keyhole was not continues. The visual sensor was used to detect the keyhole from the bottom surface 5) . In the practical field, the setup of the CCD camera is difficult in the rear side of the base metal. The authors tried to make the monitoring system of the weld pool; a CCD camera was fixed to the plasma torch and took the weld pool from top side of the base metal. The welding conditions were determined by carrying out the fundamental experiments, i.e, the average and frequency of the pulsed current were 250A and 20Hz, and the travelling speed was 2.7mm/s.
The keyhole depends on the standoff of the plasma torch.
When the base metal was inclined due to the setting in the robotic welding, a good quality of welding cannot be obtained. In the teaching of the robot, it took much time to adjust the standoff by the operator, since the electrode of the plasma torch was hidden into the plasma tip. In order to save the teaching time, the authors tried to control standoff of torch by processing the weld pool images taken with the CCD camera during the welding.
Visual robotic plasma welding system
The plasma welding system with the dsPIC being 16-bit Digital Signal Controller is shown in Fig.1 . After supplying the pilot gas, the pilot arc is ignited between the electrode and the plasma tip. As a result, the plasma is made by ionizing the pilot gas. Main current flows to the base metal. An arc with high current density is generated, since the plasma arc becomes narrower by the plasma gas and a small caliber nozzle. Therefore, the base metal is partially heated and the plasma gas depresses the molten metal strongly. The keyhole kept almost constant shape takes places, since the plasma arc melts the base metal in the front part of the keyhole and the melted metal fill into keyhole in its rear part during the welding. Thus, it is important to maintain appropriate keyhole shape in the weld pool and the force to shut the keyhole with the weld pool. Since the plasma pressure is controlled by adjusting the current, the range of the proper welding condition is expanded due to the pulsed current.
The CCD camera fixed to the plasma torch to observe the weld pool. The authors tried to take the pool image during the base current duration. The typical image is shown in Fig.2 The waveform of the welding current was controlled as shown in Fig.3 . In this case, the peak current and the base current are 350 A and 150 A, respectively. Since the trigger signal of the shutter is generated at period of 30A, the shutter of CCD camera was synchronized with the current waveform and opened for 1ms at low current of 30A. The interference filter of 950nm was used to increase the contrast of the boundary between the weld pool and the base metal. The typical image is shown in Fig.2(b) . Since the current waveform was generated with our software, it is easy to make the low current duration synchronized with the trigger timing. The image of the weld pool can be taken with any timing.
Image processing of the weld pool
The keyhole was sometime observed with the CCD camera. If the keyhole was not observed, the front of the weld pool becomes convex. On the other hand, if the keyhole was observed, the front edge becomes concave. The boundary between the weld pool and the base metal was detected by image processing. First, the threshold level of the brightness on the border was determined.
(a) Base current is 150A.
(b) Clear image at 30A. Medium value between the average brightness and the maximum brightness on a horizontal line in the weld pool image was used as threshold level. The start point was determined by detecting the pixel with brightness over threshold level from right side on the rear part of the image. 8 pixels are checked around the start point with counterclockwise as shown in Fig.4(a) . If the pixel over threshold level was detected, its pixel was next point on the border. The tip of the border was detected by repeating this detecting process. Next, the tip was detected in the same manner as the right side on the left side of the image by using the detecting method as shown in Fig.4(b) . If the weld pool is convex shape, two detected tips are agreed. On the other hand, if the weld pool is concave shape, the average value is calculated by the two detected tips.
Standoff control

Relationship between standoff and weld pool image
The CCD camera was fixed on the plasma torch as shown in The standoff can be found by detecting the position of the tip; the distance H was detected by image processing.
The fundamental experiment was cried out. The standoff was adjusted at the suitable height at the beginning of the welding.
The robot is moved up along the weld line. The variation of the standoff is 1.5mm. The penetration bead appearance and the weld pool images are shown in Fig.6 . The image processing to extract the outline of the weld pool is successful. According to the standoff, the tip of the weld pool is moved down. The tip of the weld pool can be used as the sensor of the standoff.
Digital control of standoff
The digital controller is designed to keep the desired position of the tip of the weld pool. The dynamic behavior of the welding robot is approximated by using the second order system as follows: 
The desired response of the plasma torch for the reference is determined as mentioned in (2) . The sampling time is 50ms corresponding to the shutter interval.
Equation (2) is transformed to the discrete time system. The manipulating variable u(kT) at kth sampling period, which is the pulse number of z axis of the robot, is given by 
Conclusion
The plasma welding is one of important technology to get high efficiency and to improve the environment of the welder. A
